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The aim of the present work was to compare the genomes of 21 strains of intestinal spirochetes, which were isolated from patients suffering intestinal disorders, with those of Treponema hyodysenteriae (strain P18), the known etiological agent of swine dysentery (bloody scours), and of a nonpathogenic strain (Ml) of Treponema innocens. The percent guanine-plus-cytosine value of the 23 DNAs was found to be 25.5 to 30.1, as determined by a double-labeling procedure based on nick-translation by DNA polymerase I. The genome size of two spirochetal strains, of human and porcine origin, was found to be similar (4 x 106 base pairs) and close to that of the reference bacterium Escherichia coli (4.2 x 106 base pairs). Restriction analysis showed the presence of two modified bases in spirochetal DNA. Methyladenine was present in the GATC sequence of DNA from 15 spirochetes of human origin, and methylcytosine was present in several sequences occurring in all strains. The DNA of T. hyodysenteriae displayed a 30 to 100% homology with respect to that of 21 spirochetes from humans, thus suggesting the occurrence of a genetic heterogeneity in the latter group. These data indicate that the intestinal spirochetes analyzed in the present work are related; hence there is a possibility of domestic animals being reservoirs of microorganisms pathogenic for humans. A classification of intestinal treponemes into subgroups has been proposed on the basis of restriction analysis and hybridization experiments.
Swine dysentery (bloody scours), a mucohemorrhagic enteritis affecting pigs of all countries, was described as a disease entity in 1921 (37) . Vibriolike species, including Vibrio coli, were suggested to be responsible for the disease, although transient nonhemorrhagic diarrhea was produced by these organisms (12, 18, 24) . It was only in 1971, however, that a spirochete, Treponema hyodysenteriae, was recognized as the true etiological agent on the basis of its ability to reproduce epithelium invasion and hemorrhagic dysentery in experimental animals (15, 23, (33) (34) (35) . This microorganism was described as a motile, spiral-shaped, gram-negative bacterium, which proved to be a facultative anaerobe and to possess hemolytic properties in vitro.
There have been numerous observations on the occurrence of spirochetes in the gut of domestic and wild animals (6, 7, 21) . These organisms were also found in the intestinal tract of both healthy subjects and diarrhea cases (10, 14, 17, 20) . More recently, spirochetes closely resembling T. hyodysenteriae were isolated from the intestine of patients affected by hemorrhagic diarrhea and other intestinal disorders (9, 22, 31, 32, 36 ). An immunological relatedness of spirochetes isolated from humans and pigs has been reported (13, 31) . Some homology between human intestinal spirochetes and T. hyodysenteriae has been related (1) . The presence of plasmid in spirochetes has been observed (30) .
The aim of the present work was to analyze the DNA of 21 strains of intestinal spirochetes of human origin and 2 strains from pigs. The guanine-plus-cytosine (G+C) content and the hybridization levels of these DNA were determined to assess the genetic kinship of these organisms. In addition, the restriction patterns of the genomes of spirochetes from humans and of T. hyodysenteriae were analyzed to gather information on DNA methylation. Finally, the genome size * Corresponding author.
of two treponemal strains of human and porcine origin has been measured.
MATERIALS AND METHODS
Multiplication of spirochetes. The 21 strains of human spirochetes (HRM-1 to -21) that were analyzed in the present work were isolated (31, 32) from feces of patients affected by intestinal disorders (Table 1) . They were propagated under strict anaerobic conditions in Trypticase-soy broth supplemented with 10% bovine fetal serum. As reference strains, the following spirochetes were used: Borrelia burgdorferi (from H. W. Wilkinson, Atlanta, Ga.), T. hyodysenteriae P18A (from R. J. Lysons, New Compton, England), and Treponema innocens Ml, Treponema pallidum (Nichols), and Treponema phagedenis (from S. Kellog, Atlanta, Ga.). Strains of human intestinal spirochetes were characterized as treponemes by the conventional biochemical tests (nutritional requirements, fermentation ability, and enzymatic analysis) (31) ( Table 2) as well as by morphological studies (9) . Electron micrographs of human intestinal spirochetes, measuring 6 by 0.2 and 5.7 by 0.25 p.m and bearing five subterminal flagella, are displayed in Fig. 1 . The main morphological features of these organisms are summarized in Table 3 .
Purification of treponemal DNA. Lyophilized spirochetes suspended in 1 mM EDTA-10 mM Tris hydrochloride buffer (pH 7.6) were lysed by incubation with 0.5% sodium dodecyl sulfate for 30 min at 37°C. Lysates were sequentially incubated (30 min at 37°C) with pancreatic RNase (50 ,ug/ml) and pronase (100 ,ug/ml) before repeated extractions with watersaturated redistilled phenol. From the aqueous layer, after phenol removal by ether, treponemal DNA was precipitated twice with 3 volumes of ethanol (15 min at -70°C). The DNA sediment obtained by centrifugation was dissolved in 0.1 mM EDTA-10 mM Tris hydrochloride (pH 7.6), and its concentration was spectrophotometrically measured. c Values from 0 to 5 were assigned to the colors developed; 0 was a negative reation and 5 was a reaction of maximum intensity. (8) .
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The possible occurrence of methylcytosine in spirochetal DNA was checked by use of nine restriction enzymes. The DNAs of human spirochetes (HRM-2 to -21), T. hyodysenteriae P18, and T. innocens Ml were resistant to at least one of these enzymes (Table 5) , suggesting the presence of methylated cytosine in one or more sequences of the genomes analyzed. Note that every single case of resistance to a given endonuclease was controlled on mixtures of treponeme and phage A DNAs: a cleavage of the latter species excluded the possible presence of nuclease inhibitors in treponemal DNA preparations (Fig. 2) .
Another modified base, methyladenine, was examined by use of three endonucleases: DpnI, cleaving the sequence GATC only when adenine is methylated; Sau3A1, able to cut GATC irrespective of A methylation; and MboI, to which DNA with a methylated adenine in GATC is resistant. Adenine is methylated in the GATC sequences of the DNA from 15 intestinal spirochetes of human origin plus T. innocens Ml, but not in the pathogenic strain T. hyodysenteriae P18 or four other human intestinal treponemes (HRM-3, -9, -17, and -20) ( Table 5 ). Cleavage of some treponemal DNAs by DpnI and resistance to MboI provided evidence for the presence of methyladenine in the GATC sequences (Fig. 3) .
Homology of the genomes of intestinal spirochetes from humans and pigs. Data in Table 4 indicate a similarity in base composition for the DNAs of intestinal spirochetes of human and porcine origins. A possible genetic kinship between these two groups of microorganisms was challenged by heterologous hybridization of the genomes of T. hyodysenteriae with a series of human spirochetes. For this purpose, a procedure of DNA-DNA hybridization in liquid phase was used, whereby a labeled probe of nick-translated T. hyodysenteriae DNA was annealed with different spirochetal DNAs. As a negative control (0% homology), C. perfringens DNA was chosen since its 26.5% G+C value is very close to that of T. hyodysenteriae (27.9% G+C; Table 4 ). The highest homology level (100%) was that of T. hyodysenteriae selfannealing at 60°C; this corresponded to 65% (60 to 70%) real hybridization value equal to 2.5 x Cot112 (see below). The annealing of T. hyodysenteriae with the genomes of several reference spirochetes of nonintestinal origin was also considered.
The 21 strains from human gut essentially fell into two groups of high (>70%) and low (<50%) homology with respect to T. hyodysenteriae (Table 6 ). The first group included strains HRM-2 to -9 and -15 to -19 (i.e., 13 (lanes 1, 2, 3 nemal DNA (Table 5) . When the %G+C values in the DNAs of intestinal spirochetes (Table 4) are compared with the literature data concerning spirochete species from tissues (T. pallidum, 53% G+C, Treponema refringens, 42% G+C; and T. phagedenis, 39% G+C) (26, 28) , any taxonomic kinship between the two groups of organisms is to be excluded. Methylation of bacterial DNA, a postduplicational process occurring in the proximity of the replication fork, is directed by template-specific methyltransferases promoting the transfer of methyl groups from S-adenosylmethionine to DNA. "Classification of human intestinal spirochetes (HRM-2 through -21) on the basis of their restriction pattern with two endonucleases (see Table 5 for complete pattern). T. hyodysenter-iae P18 and T. innocens Ml are included as reference. 2   FIG. 4 . Reassociation kinetics of spirochetal DNA. 32P-labeled, heat-denatured spirochetal DNA, which was prepared by nicktranslation, was reannealed in 0.3 M NaCl at 60°C in the presence of an excess of unlabeled DNA. At intervals, samples withdrawn from the reaction mixture were incubated with the single-strand-specific Si nuclease, and trichloroacetic acid-resistant DNA was determined. The single-stranded DNA fraction was given by the ratio of Si-sensitive radioactivity to the initial acid-insoluble radioactivity. The curve corresponds to the ideal second-order reaction expressed by the equation C/CO = 1/1 + KCot, where C and CO are, respectively, the single-stranded fraction and the total DNA, and K is the second-order rate constant equal to the reciprocal Cot1/2 value (1.042 in this case). Symbols: x, T. hyodysenteriiae P18A; 0, HRM-16.
The best known bacterial DNA methylases are those concerned with methylation of adenine in the nitrogen N6 position (methyladenine) and of cytosine in the 5 position (methylcytosine). In E. coli, the product of the dam gene brings about formation of 6-methyladenine in the sequence GATC, and the mec gene encodes production of 5-methylcytosine in CCAGG. It is known that, in bacteria, most methylatable sites, which are unequally distributed within the chromosome, are actually methylated under normal conditions. They seem to play a major role at the level of regulatory genes and to affect recognition of the corresponding DNA sites by proteins, as suggested by the hypermethylation of both replication origin and operators, the increased mutability and recombination level of dam mutants, and the lethality induced by overposition of mutations in dam, rec, and pol genes. Methylation of both adenine and cytosine occurs in many sequences of the DNA from all human intestinal spirochetes (Table 5 ). An attempt at ordering the restriction patterns of the 23 strains analyzed was made by considering 6 restriction endonucleases (DpnI, HaeIII, HpaII, HnaI, Sau96I, and Fnu4HI) out of the 12 reported in Table 5 ; a too large number of subgroups was obtained. A simpler pattern was produced with two restriction enzymes ( Table 7) . It consisted of four classes, one of which included 13 strains, the majority of human intestinal strains. Restriction analysis of T. palliduim (26) and Borrelia species has been reported. Isoschizomers were used to disclose the presence of 6-methyladenine in Borrelia hermsii (see reference 3 for review).
Since the percentage of total methylated bases in spirochetal DNA has not been determined, we cannot say which fraction of total modified bases is represented by the identified sequences. All spirochetal DNAs tested were proved to be resistant to several restriction enzymes (four on the average, and two at least). The possible occurrence of additional methylated sequences, identifiable by endonucleases different from those tested, cannot be excluded. Note that in E. coli, 6-methyladenine (m6A) in GATC corresponds to 100% of the total m6A, and 5-methylcytosine (m5C) in CCIGG corresponds to 50% of the total m5C.
According to the hybridization data in Table 6 , intestinal human spirochetes can be divided into two groups, those (HRM-2 through -9 and HRM-15 through -19) with high (>70%) homology with respect to T. hyodysenteriae DNA, and those (HRM-1, -10 through -14, -20, and -21) with low (<50%) homology level. Most of the human strains within the first group clearly belong to the same species as T. hyodysenteriae and T. innocens. Members of the second group are to be assigned to a different subspecies.
On the other hand, a very low homology level (6 to 17%) between intestinal and nonintestinal spirochetes has been observed (Table 6 ). These data are in good agreement with previous reports indicating a genetic unrelatedness of T. hyodysenteriae with respect to T. pallidum, T. phagedenis, and T. refringens (26) (27) (28) . The only discrepancy between the work of Miao et al. (28) and ours is the low homology level (28%) observed by the former authors when the DNAs from pathogenic and nonpathogenic isolates of T. hyodysenteriae were annealed. According to our data, T. hyodysenteriae and T. innocens are 93% homologous. An antigenic crossreactivity between T. pallidum and several pathogenic members of the family Spirochaetaceae has been reported (2) .
Sizing of spirochetal DNA by renaturation analysis yielded the surprising finding that T. pallidum and T. phagedenis had genomes more than threefold larger than that of E. coli and most bacteria (26) . By contrast, the data in Fig. 4 indicate a similarity in the genome size of intestinal spirochetes and E. coli. This represents yet another piece of evidence for the genetic unrelatedness of intestinal and nonintestinal spirochetes: the wide differences in %G+C values and hybridization levels are consistent with such an inference.
The overall conclusion is that many spirochetes isolated from the human gut are closely related, if not identical, to pathogenic treponemes from swine intestines (HRM-3, e.g., is practically indistinguishable from T. hyodysenteriae; Tables 4, 5, and 6). This points to domestic animals as sources of spirochetes pathogenic for humans.
